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Section 1.0 Introduction

1.0 Introduction

Carbon monoxide (CO), atoxic, colorless gas, isawel known product of incomplete
combustion. It had not been a concern around oil and gas wells until an unexpected and tragic accident
occurred at the Seedliff oil wel in Ventura County, Cdiforniain August of 1994 in which three workers
were killed due to CO exposure from awell perforation operation. Toxic ambient conditions due to
explosive byproducts from perforations at oil wells have gpparently been quite rare; however, there are
reasons for caution and justification to take appropriate CO safety measures when oil well perforations
aretaking place.

Perforation isthe process of cresting holes in the casing of an oil well that penetrate the cement
sheath that surrounds the stedl casing and extend some depth into the geologic formation through the
use of powerful explosives. Perforating dlows for fluid flow between the petroleum reservoir and the
wellbore.

This report relates information from severa types of sources—research, empiricd, and
theoretica—to the operations at an oil well that contribute to the potentia exposure of humansto CO.
The god of RTI's effortsisto provide insghts and recommendations for the Minera Management
Service, other governmenta bodies, and the petroleum industry to reduce the risks of CO exposure
from perforating operations a petroleum stes. For this project, information gathering and analyss have
been performed in severd areas

# summary of explosives thermochemisiry and the potentia for generating CO, Section
211

# modding CO flux generation by perforating explosves, Section 2.1.2

# modding CO ambient concentrations from detonation byproduct release,
Section 2.1.3

# andysis of well perforation practices that may lead to detonation byproduct releases
above ground, Section 2.2,

# review of specific incidents and case studies on explosives use and CO exposure,
Section 2.3,

# review of the hedth effects of CO and the assessment of risks from exposure to CO
from well perforation, Section 3, and
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Section 1.0 Introduction

# review and make recommendations on safety practices to reduce potential CO
exposures, Section 4.

Theoreticd and research investigations of explosive thermochemistry are well sudied and
provide ample evidence that CO is generated by detonation of the types of powerful explosives that are
used in various indudtries (e.g., spacecraft launches, mining, oil and gas production, and congtruction).
However, there appears to be a paucity of test information specificaly on CO from perforating in the oil
indusiry. Other than the extensive work performed at the national weapons laboratories from which
some of thisreport’s conclusons are drawn, thereis very little in the published, peer-reviewed literature
concerning CO risks from these basic indudtries. A few case studies are available, and these are
reviewed in Section 2.3, Case Studies.

Personne in the oil completion industry may be unaware that CO is generated during the
explosion of such compounds as RDX, HMX, and PETN. Generd industry safety practices have
prevented damaging CO exposures because of safety and health concerns for gases other than CO. At
the same time, changes in explogive products, configurations, and perforating operations may be
increasing the amount of CO generated. As CO generation information becomes more widdly known,
reduction of potential CO exposure should follow.

The amount of CO generated by the explosives used in perforation correlates quite closdy with
the amount of explosives used; CO isawdl known product of incomplete combustion, even with the
detonation of high explosives. Conditions in the wellbore, such as temperature and pressure, and
particularly the presence of fluid, affect the amount of CO generated. Even more importantly, the
explosive molecules are inherently oxygen deficient. Incomplete combustion due to lack of
additiona oxygen sources under ground and to quenching of the reactions contribute to the significant
volumes of CO. If thereis no release of fluids and gases to the atmosphere, CO stays in the wellbore,
dissolved in the fluids or imbedded in the geologica structures. The potentid for release of CO exidts
where the pressures underground are grester than the hydrogtatic pressure in the wellbore (under-
balanced condition). Properly carried out oil well safety measures that remove off-gases of any type
(e.g., hydrogen sulfide, [H,S]) are aso appropriate for reducing the exposure potential to CO.

Two screening-level modeding efforts were performed as part of this task to help assessthe
potentid hedlth risks of CO associated with oil well perforation. These modeling exercises begin the
process of estimating the amounts of CO generated and estimating the concentrations of CO in the
vicinity of arelease valve where workers could be exposed.

CHEETAH isacomputer program developed by the developed by the Lawrence Livermore
Nationa Laboratory that estimates amounts of CO resulting from the detonation of pecific explosives.
It calculates the amounts of all waste gases based on thermochemica theorems, and estimates the
explosive gases under conditions smulating above-ground and below-ground explosions. Results from
CHEETAH include a“wordt-casg’ (at least in theory) set of combustion gases, where the program
converts al the possible carbon and oxygen atoms into CO, rather than amix of carbon dioxide (CO,)
and CO. Results based on arepresentative amount of explosive were generated for each of severd
explosives and for severa conditions (Section 2.1.2 and Appendix A). The results are summarized,
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Section 1.0 Introduction

based on limited experimental data. However, the wordt-case amounts may, in fact, reflect what
happensin the “red world.” Researchers have found through calorimetry testing that more CO is
generated than was predicted.

Air disperson modes were also used to estimate the concentration of CO downwind from a
point release. The CO estimates from CHEETAH were modeled using both an offshore (OCD5) and
an onshore (1SC-Prime) model to estimate ambient concentrations from 5 meters to 30 meters from the
release point (Section 2.1.3 and Appendix B). Meteorological data from coastal California provided
wind speeds and directions that were used in the disperson models. Again, worst-case conditions (i.e.,
low wind speed and minima disturbance) were sdected to represent Stuations with the highest potentia
exposure levels. Simple assumptions were made as to height, speed, volume, and direction of releases.

Results from both the CHEETAH and ambient air modding should be viewed as estimates, but
they suggest and support the ideathat CO isagenuine risk factor at oil well Steswhere perforation is
performed. The likelihood that waste gases from well perforation are released, whether accidentaly or
deliberately, has not been directly addressed in thistask. However, in the event of ardease, the
modeling performed provides some preliminary estimates of the potentia for exposure to dangerous
levels of CO.
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Section 2.0 Exposure and Consequence Analysis

2.0 Exposure and Consequence Analysis

The three subparts to this section contain the theoretica basis for CO generation, estimates of
how much CO is generated, and what are the resulting concentrations of CO in the air surrounding a
release. Section, 2.1, Explosives Thermochemidry is the portion of thisreport that most directly
addresses the question of how much CO is generated during well perforation. The modding results are
summarized in Section 2.1 with more detailed modding results presented in Appendixes A and B.

A review of the physical and engineering basics of oil wells and perforation (Section 2.2) was
prepared because the evaluation of CO risks must be consdered aong with many other factors thet the
oil industry baances when completing or reusing oil wells. Sdection of types of wells, types of
perforating guns, and configuration and the conditions of perforations are made to maximize efficiency
of operations, dl of which influence the amounts of CO generated.

Section 2.3 reviews the available reports of human exposure to byproducts from the detonation
of explosves. Although the number of reportsis very limited, the information they present concerning
CO levesin the environment gppears to be congstent with information gethered from field and
laboratory research projects and theoretica models.

2.1 Explosives Thermochemistry

This section presents an overview of the theoretica bases for predicting the chemica results
from explosions, followed by results of modding specific explosives usng CHEETAH, a program that
predicts the thermochemica equilibrium for specific explosive products. The output from CHEETAH
runs were used to estimate potentia CO ambient concentrations, using U.S. Environmental Protection
Agency (EPA) models—OCD5 (basic Gaussian dispersion) and ISC-Prime. Sections2.1.2 and 2.1.3
present the results from CHEETAH and the OCD-1SC modeling.

2.1.1 Science of Explosives

When an explosive reaction takes place, the explosive molecule breaks gpart into its constituent
atoms. The condtituent atoms quickly rearrange themsdlves into stable molecules, usudly water, CO,,
CO, and nitrogen. Other molecules containing carbon, duminum, and sulfur are found in the products
of some explosves. Oxygen is an important determinant of explosive products, and the explosive itself
isasource of oxidizing atoms (Akhavan, 1998).
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Section 2.0 Exposure and Consequence Analysis

The amount of oxygen with the explosive may or may not be sufficient for complete oxidation of
the fuel. Three explosvesinvolved in oil well perforations are PETN, RDX, and HM X, whose
bal anced reaction formulae for complete combustion are

PETN: CsHsN,Op, 37 5CO, + 4H,0 + 2N, - 20,
RDX C5H6N606 y 3COZ + 3H20 + 3N2 = 30, aﬂd
HMX: C,HsNgOg ¥7 4CO, + 4H,0 + 4N, - 40.

Indl three cases, there is a negative oxygen baance; this means that there is not enough oxygen
for dl the carbon atoms to be completely oxidized (CO,). Theresult isthat CO and other (toxic) gases
are generated. A large negative oxygen baance inherent to the explosive itsdlf is occursin oil well
perforation, because there are not additiona sources of oxygen at the perforation Ste. On a percentage
bad's, the oxygen baance for the three primary explosives of interest are

Explosve Oxygen Baance, %
PETN -10.13
RDX -21.60
HMX -21.62

Percentage oxygen baance is the percentage of total molecular weight contributed by oxygen (O in the
above equations).

Both primary and secondary explosives are used for effective detonations (perforations).
Primary explosives include lead azide, lead styphnate, and mercury fulminate. PETN, RDX, and HMX
and many other explosives, such as nitroglycerine, picric acid, tetryl, and TNT, are defined as
secondary explosives.

The explosive processisirreversible and can be diagramed as

INITIATE
0

EXPLOSION
0

GASEOUS PRODUCT (V) AND HEAT (Q)
Volume of gas (V) and heat of exploson (Q) combine to give avaue for explosive power.

Explosive Power =Qx V
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Section 2.0 Exposure and Consequence Analysis

The value for explosive power can be compared with the explosive power of astandard
explosve (picric acid) resulting in a power index.

Powerlndex = gg%icricacidvmcuricaci dng'oo

The valuesfor power of secondary explosives are much higher than the vaues for primary
explosves, asilludrated in Table 2-1 below.

The volume of gas produced by an explosion is directly related to the amount of work done by
the explosive. Detonation gas volumes can be ca culated from the equation of decomposition (i.e., the
amount of gaseous products liberated). Representative gas volumes at standard temperature and
pressure are (Akhavan 1998)

Explosve Volume of gas, dn® g*
PETN 0.780
RDX 0.908
HMX 0.908
Nitroglycerine 0.740
TNT 0.740

Table 2-1. Power Index for Primary and Secondary Explosives

Explosive Power Index, %

Primary explosives

Mercury fulminate 14
Lead styphnate 21
Lead azide 13
Secondary explosives
PETN 167
RDX 169
HMX 168
Nitroglycerine 171
Ficric acid 100
TNT 115
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Section 2.0 Exposure and Consequence Analysis

The amount of CO generated is a reflection of the oxygen baance, which in turn is related to the
heet of exploson. The higher the oxygen baance, the higher the heat of exploson. PETN has a higher
heet of exploson (higher oxygen baance) than RDX and HM X, but alower volume of gas. The
resulting power index is nearly identica for al three explosives (power index . 168). Asshown and
discussed in Section 3.1, the amounts of predicted CO under various conditions varies among the three
explosves. HMX appears to generate the least CO, in terms of weight or percentage of total gases,
and PETN the most.

This section has presented information that is based on theoretica considerations. It isimportant
to note that the amount of CO recovered from calorimetry tests of high explosives (secondary
explosves) is reported to be far larger than the amount predicted by equilibrium caculations. A study
by Ree et d. (1995) pointsto the effect of cooling on the detonation equilibrium, thus dowing the
reaction.

CO + H,0 ¥ H, + CO,

Reeet d. (1995) report that the computed moles of CO in the detonation products from amole
of PETN, using the theoretical Chapman-Jouguet (C-J) point, is 0.126 moles, but based on the dowed
reaction, the resulting CO vaueis 1.63 moles. The C-J point is based on the theory that says the
detonation point is a date in thermodynamic and chemical equilibrium and is independent of pressure
and temperature. If one can deduce that field results are more closely related to calorimetric test
findings than theoretica estimates, then there isthe red possibility that models will underestimate CO
generation.

2.1.2 Modeling of CO Generation

Scientigts at the Lawrence Livermore National Laboratory, Energetics Materials Center, have
developed computer models that use basi ¢ thermochemistry to predict detonation products and
physica conditions for awide variety of explosves. Their most recent model, CHEETAH, contains
information on many explosves, including those used in oil well perforation. The modd dlows the user
to sdlect explosives of interest and conditions under which the explosives are detonated. These
conditions include open (default), gun, and confined space detonations, al of which wereused in RTI's
mode runs. In addition, thereis an option to run the model where CO, is excluded from the detonation
products, which is both aworse case stuation and possibly representative of conditions at some
perforating zonesin wellbores.

Modéd reaults, in generd, for perforating explosives varied modestly for most combinations of
conditions and energetic materia (explosive). The explosves modeled were HM X, RDX, HNS, PY X,
and PETN. RDX and PETN have become the most commonly used explosives in modern drilling
techniques, including deviated or horizontal wellbores. Thus, they were modded under the largest
number of conditions.

CHEETAH finds the equilibrium in reactions at specified pressures and temperatures. The
detonation standard run is based on C-J detonation theory and is a one-dimensiona detonation. The
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Section 2.0 Exposure and Consequence Analysis

transformation of explosive to gaseous products is assumed to be very fast at steady Sate. The
standard run caculates the C-J state, then models the expansion of the product gases to one
atmosphere or until a standard temperature is reached (298 EK). Typicaly, this takes place over
approximately 10 microseconds. Although the program can cal cul ate thermodynamic states where
temperature and pressure are not explicitly indicated, the default results reflect a smple characterigtic of
the chemical reactions—detonation products are those predicted by complete combustion, and the
chemica equilibrium between CO, and CO is estimated, keeping the tota moles of each element fixed
(C, O, eétc.). Reaultsare independent of the amount of explosive used, so one can scale the model
outputs proportionaly to any amount of explosive.

For purposes of thistask, RTI estimated total grams of CO generated for each combination of
explosive and condition, based on the following assumptions:

#  4-inch high-explosve guns (HEGS)
# 80 gramsof explosive used per foot of perforation zone
# 250 feet of perforation.

Thistrandates into atotal of 20 kg of explosive.

Individual CHEETAH modd outputs are provided in Appendix A. Table 2-2 shows CO
edimates generated using 20 kg of explosive. The two scenarios, one including and one excluding CO,
from the detonation product mix, were run for each explosve. Table 2-2 includes the amount of CO
generated in grams, moles of CO per kg of explosive used, and percentage of CO in the total
detonation product volume.

There are Smilaritiesin detonation physical characteristics among the explosve used in oil well
perforations (e.g., detonation pressures and detonation velocities). The amount of CO predicted is only
dightly more variable, on the order of 2-fold differences between explosves. Under CHEETAH's
gtandard detonation, CO is a significant fraction of the detonation gases when al carbon is oxidized to
CO and no CO, is generated, ranging from 13% of tota gasesfrom HMX to around 60% for HNS
and PY X.

Conclusions drawn from the CHEETAH modding include

#  Thevolumes of CO generated are asignificant fraction of the total detonation gases even
with CO.,.

#  The egimated volume of CO ranges from approximately 0.1 m?/kg of explosiveto 0.5
m/kg explosive. These volumes of gaswould be significant if released in confined spaces.

#  The edimates of CO generated are more closgly tied to the amount of explosive and type
of explosive than whether detonated in agun, in a confined space, or in the open.
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Table2-2. CHEETAH Carbon Monoxide Resultsfor Perforating Explosives

Scenario 1: Scenario 2:
Explosion with CO, accounting Explosion excluding CO,
Increase
CO,, CO, in CO,
CO, CO, CO, | mal/k [ CO,, mol/k CO, co | % (from
Explosv | mol/kg % CO, | val, g % g % vol, | Scenario
e explos. va g m® | explos. | va CO,,g | explos val CO,g m?3 1to2) Conditions
HMX 4.7 13 2,636 23 48 13 4,224 13.48 33 7,549 6.6 186 Standard Detonation
RDX 109 27 6,093 53 2607 5 2,294 13.49 33 7,554 66 24 Gun
RDX 10.9 27 6,093 53 2607 5 2,294 13.46 33 7,538 6.6 201 Gun. Confined Space
RDX 6.0 16 3349 29 4475 12 3,938 135 33 7,560 6.6 126 Standard Detonation
RDX 6.0 15 3349 29 4475 12 3,938 13.47 33 7,543 66 125 St Detonation, Conf Space
HNS 10.7 37 6,003 52 5207 18 4,582 19.95 60 11,172 9.8 86 St Detonation
PYX 9.0 30 5,023 44 587 20 5,166 20.09 58 11,250 98 124 St Detonation
PETN 6.8 19 3,752 33 9486 27 8,348 15.80 40 8,848 1.7 136 Gun
PETN 6.8 19 3,752 33 9486 27 8,348 15.80 40 8,848 7.7 136 Gun, Confined Space
PETN 59 17 3,304 29 9.884 29 8,698 15.79 40 8,848 7.7 168 Standard Detonation
PETN 5.9 17 3,304 29 9884 28 8,698 15.79 40 8,848 1.7 168 St Detonation, Conf Space

Assumes: 80 g explosives/ft for 4" HEGs

250 ft of perforation = 20 kg explosive
24.5 L/mol of gas; Mal. wt. CO, = 44 g/mol, Mal. wt. CO = 28 g/mol

0'¢ uohoes
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Section 2.0 Exposure and Consequence Analysis

CO edtimates from the CHEETAH modd were used in conjunction with smple engineering
assumptions to estimate release rates at awell head. The concentration of CO in ambient air near the
release point were estimated using two EPA disperson modes, the OCD5 offshore modd and 1SC-
Prime, an onshore modd.

2.1.3 Ambient Modeling of CO
Two ambient disperson mode s were used to estimate ambient concentrations of CO.

# Offshore Modd. The Offshore and Coastal Dispersion, model version 5, (OCD5)
was used to smulate the effects of offshore emissions from a point source located on
platform. The OCD5 model was developed by Earth Tech, Inc., for the Minerals
Management Service, and the mode was taken from the EPA’ s web site SCRAM
(Support Center for Regulatory Air Models) (EPA 2000). The OCD5 mode includes
gpecid agorithms that account for overwater plume transport and dispersion, aswell as
changes that take place as the plume crosses the shoreline. In addition, the OCD
mode aso includes treetments of plume dispersion over complex terrain and platform
downwash.

# Onshore Modd. The EPA’srefined disperson modd, | SC-PRIME, was used to
estimate the air concentration from an onshore release. The ISC-PRIME modd isaso
available on EPA’sweb ste (EPA 2000). The new building downwash dgorithms
were incorporated into the latest version of the Industrial Source Complex Short Term
Mode (ISCST3), and the revised test bed model was named | SC-PRIME.

Both modds calculate the hourly air concentrations for each receptor and outputs only the
maximum hourly air concentration at each receptor location. Meteorologica data were gathered for
coastal California, one set for onshore (from Oakland station) and one set for offshore (near Santa
Barbara). The single most important portion of information for modeling iswind speed. Lowest annud
one hour wind speeds for each 10 ° of direction are a primary determinant of the maximum hourly
concentrations, in this case, of detonation gases.

Assumptions about release speed and release angle were made in order to mode ambient
concentrations of CO. The assumptions for the modeled scenarios were based, in part, on volumes of
CO from the estimated by the CHEETAH program and aso included the following..

# vertica and horizonta releases

# arelease speed of 3 meters per second

# ardease height of 5 feet

# apoint rdlease

2-7



Section 2.0 Exposure and Consequence Analysis

# releases of CHEETAH-modeed CO occur over a period ranging from 5 minutes to
one hour.

The results of the modeling are presented in terms of concentration (ppm) per CO releaseratein
grams/second (g/s).

The Gaussan plume modd isthe basis of both ambient concentration models. This means that
the concentration of a pollutant, in this case CO, at a distance from a source is a function of wind speed
and the lateral and vertical dilution factors.  The ambient concentrations estimated by the models are
directly proportiond to the relesse rate. Table 2-3 summarizes the results of the two models. Note
that the values presented in the table are based on wind speeds which were the highest annud average
hourly concentrations for al 36 receptor directions (360 Edivided into 10 E-increments). “Average
concentration” is the arithmetic mean of the 36 receptors and maximum concentrations are the highest 1
hour values a 5 meters.

Appendix B provides the full complement of hourly unit concentrations for each of the receptor
directions for the representative onshore and offshore locations. In Table 2-3, offshore locations were
assumed to have no building interferencein air flow, while the onshore location is assumed to have a
building interference. Buildings have a significant impact on air flow, causing both turbulence (grester
mixing within a zone of influence) and pockets of lessmixed air. The estimates presented should only
be considered as quditative estimates of wordgt-case unit concentrations. They alow the risk assessor
to estimate whether CO concentrations could be in arange that could cause acute effectsfor those
individudsin the area.

The results from the CHEETAH program combined with the unit concentrations from the
ambient models alow one to estimate potentia exposure levels. These exposure estimates are
presented in Table 2-4. The data suggest severd things.

# Dilution of CO over the distances modeled are significant due to Gaussian principles,
where wind and increasing plume cross-sections greetly reduce the CO concentrations.

# Point releases of CO on the order of 2 to 10 n, even over a 5-minute period, are
diluted sgnificantly with naturd air flows.

2.2 Engineering Review
Badic features of an oil well and perforation are discussed in this section. It is provided to

support the understanding of borehole perforation, what types and volumes of explosives are used, and
what physica factors may influence the amount of CO generated from well perforation.
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Section 2.0 Exposure and Consequence Analysis

Table 2-3. Egtimated Onshore and Offshore Unit Concentrations of Carbon M onoxide?

Distance Avg CO Maximum CO
from Concentration Concentration
L ocation, discharge Release, (Standard Deviation) ppm per g/s
direction meters ppm per g/srelease release
Offshore,
vertica discharge
5 4.2 (0.01) 4.2
10 9.8 (0.01) 9.8
20 6.5 (0.06) 6.6
30 51(0.2 55
horizontal discharge
5 16.7 (0.58) 185
10 14.4 (0.23) 15.1
20 7.9 (0.14) 8.2
30 5.7 (0.18) 6.0
Onshore
vertica discharge
5 8.0 (0.9) 9.8
10 7.0 (0.9) 8.7
20 8.1(2.1) 12.1
30 6.7 (3.7) 13.6
40 4.1 (1.4) 7.2
horizonta discharge
5 19.4 (2.9) 27.7
10 15.4 (3.4) 20.8
20 12.8 (3.3) 235
30 8.4 (4.0) 15.5
40 5.2 (L9) 8.5

2 Offshore Model = OCD5, Onshore Mode = ISC-Prime; Unit Concentration is ppm of CO per
gram/second release.
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Table 2-4. Esimated Ambient Concentrations of Carbon M onoxide?

Estimated
Ambient Concentration®,
ppm
co . Offshore Onshore
CO Generated ®, | concentration
Detonation kg per 20 kg of in Detonation | vert | horiz | vert | horiz
Explosive Condition explosive Gas ppm rel rel rel rel
HMX standard 755 330,000 104 176 201 489
RDX gun 7.55 330,000 105 176 201 490
gun, confined space 754 “ 104 175 200 490
standard 7.56 “ 105 176 200 490
standard, confined 754 “ 104 175 201 490
space
HNS standard 112 600,000 155 260 297 724
PYX standard 112 580,000 156 262 29 729
PETN gun 88 400,000 122 206 235 573
gun, confined space 88 “ 122 206 235 573
standard 88 ‘ 122 206 235 573
standard, confined 88 “ 122 206 235 573
space
a CO ambient concentrations are based on total CO generated released in 5 minutes. Gaussian plume

model s predict the ambient concentrations.

CO generated are the values from CHEETAH with CO, excluded from the detonation products
(maximizing CO generated); these values may not represent the worst-case conditions, because
calorimetry tests have shown higher CO generation rates than predicted by theorems. 1 kg of COis
equal to 0.8732 P at standard pressure and temperature.

Ambient concentrations are those estimated for 5 meters from the release point. Concentrations at
points farther can be scaled based on values presented in Table 2-3.
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2.2.1 Operational Consderations
. TPLSIURE WALYE

Thefallowing discussion focuses on wliE s vHE
the drill rigs and perforation. The Stewhere
exposures to CO may take placeisthe well

heed, which contains valves, flanges, sedls o
and flow lines that may be sources of CO
rdlease. Figure 2-1 presents a generic = MASTER Y2 ST
wellhead. LS 16T VRLYS
|‘|
2.2.1.1 TheDrill Steand Drill :
Rigs. mOSROTIOTTIOR TLZIhe Bl
LIS . CCERTIG FRAT
Onshore. At land Steswherethe S s

e T T T e e

operator has contracted for the drilling of a _; '|:‘||-:'.._1Tr !1'#”.“ AT
deep, high-pressure well, awork crew may 1+ s .“:'., oo s R

E R --E'.

dig arectanguler pit, or cellar. Theodllaris I b T el "’l,-:'f_j'f f;' . i 7
"-‘l |I-'“I'I Fi III”""- -'.I- .II.-I l.." r 2 FI -'3-\.'

usudly lined with concrete or wood; it
provides additiona working space to
accommodete the ingdlation of drilling
equipment beneath therig floor. A tal stack _
of high-pressure control valvesislocated in Figure2-1. Wellhead.

the cellar. Thetypica cdlar sizeisabout 10 feet on aside and, perhaps, 10 feet deep. The exact Sze
and depth depend on the characteristics of the well and the configuration of therig.

For land rigs, a substructure raises the rig floor (the work areafor the drilling crew) anywhere
from about 10 feet to 40 feet above the ground. With the rig floor €levated above ground leve, room is
available under therig for the high-pressure valves and other equipment that the crew connects to the
top of thewd|’s casing.

The land rig will dso have aderrick or mast. A derrick is load-bearing structure erected over
awel site to provide support for drilling equipment and is used to raise and lower drill pipe and casing.
A mast isasmple portable derrick, consgsting of a sturdy A-frame used for drilling shdlow wells, or for
workovers of damaged wells, and is held upright by guy wires. If the rig has a mast, crew members
rase it from horizontd to vertica with draw works. (Sometimes, thisis called ajackknife derrick rig.)

If therig has aderrick, usudly called a stlandard derrick, crew members bolt it to the substructure.

Offshore. Offshore rigs perform the same function as land rigs; however, their design is more
complex. The types of offshore drilling rigs include the barge, jackup, fixed platform, semi-
submersible, drill ship, and other, newer, deep- water types of drilling rigs. A schematic of various
types of offshore drill rigsisfound in Figure 2-2.
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Land Submerzible Jack - up Dirill Ship Semi-
Fig Hig Rig Submersible
Hig

Figure2-2. Typesof drillingrigs.

A bargeisused in shalow waters or in swamps up to 50 feet deep. It isashalow-draft, flat-
bottomed vessel equipped with ajackknife derrick.

A jackup rig operates in water as deep as 350 feet and is very stable because it rests on the sea
floor. The jacket of the jackup rig is dowly towed to its location during calm sess, then the legs are
lowered with jacks until they rest on the seafloor below the deck. The legs continue to lower until the
deck isleve and lifted off the surface of the water, sometimes clearing 60 feet. Jackup rigs can be
moved from location to location.

The fixed-platform operatesin water up to 1,350 feet and is secured to the sea floor with long
ded pilings. They are very stable and are consdered permanent and virtualy immobile.

Semi-submersible rigs can aso operate in water as deep as 8,800 feet. They are stable but are
not fixed. These rectangular floating rigs carry a number of vertica stabilizing columns and support a
deck fitted with aderrick and related equipment.

The drill ship offersthe greatest mobility. It is specidly constructed or converted for degpwater
drilling, and can operate in dmost any water depth. Dynamic positioning equipment (computer-
controlled propellers dong the hull that continually correct the ship’s drift) keeps the ship above the
wellbore using a thruster with controllable pitch propellers.

The main function of therig is to make awellbore (also caled aborehole or hole). To make
the hole, the drilling crew place a bit on the sea floor, then the drill rotates the bit and pumps drilling
mud into it. The rig components include power, hoigting, rotating, and circulating systems.
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The power system transfers power with either amechanica or dectrica transmisson. Electric
rigs are eeser to maintain than mechanicd rigs; they do not require chains and sprockets to transfer
power. Both mechanica and dectrica rigs need a hoigting system.

The hoigting system consigts of the draw works, the derrick, the crown block, the traveling
block, and wire rope drilling line.

The rotating system includes devices that turn the bit. For a conversion rig, the equipment
consgts of the swivel, a specia length pipe cdled the kdlly, an upper kelly, the upper kelly cock, a
lower kelly cock, akelly saver sub, the rotary table, the drill pipe, the drill collars, and the bit.

Drilling fluid and circulation equipment form the circulation syssem. The equipment includes the
components of the rotating system, the mud pump, the discharge line, the stand pipe, the annulus, the
return line, the shale shaker, the deslter, the desander, the mud pits, and the section line.

2.2.2 Wdl Completion —Well Perforation

Well completion is the process of preparing anewly drilled well for production. Perforation is
the piercing of the casng wall and cement to provide holes through which formation fluids may flow. It
is accomplished by lowering into the well a perforating gun that fires dectricaly detonated bullets or
shaped charges. In genera, well completions are categorized as casing completions, open-hole
completions, and drainhole completions. The most common, casing completions, are used 90% of the
time. They can be further subdivided into five subcategories

conventional perforated casing completions,
permanent well completions,

multiple-zone completions,

sand-exclusion completions, and

water- and gas-exclusion completions.

FHRHFHH

After an ail or gaswell is completed, the wellbore is isolated from the surrounding geologic
formation usng casng and cement. With conventiond perforating casng completions, the casing is
cemented through the production interval and communication (movement of materid) between the
formation and wellbore is established with perforation. Adequate communication between the wellbore
and al desired zones within the wellbore, as well as isolation between zones, is essentid to evauate and
to optimize production and recovery from each zone. Establishing fluid communication between the
wellbore and formation, for etherproduction or injection, requires some perforating operation. A
cross-sectiond view of the basic dements of awelboreis found in Figure 2-3.

2.2.2.1 Overview of Perforating Methods. Severd different systems, including bullet
perforating, high-pressure water jets or sand laden durries, and jet perforating, are used to create
perforations in wellbores.
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Bullet Perforation Bullet perforationis
among the oldest perforation methods. The
origind bullet perforator was created and patented
in 1926. With the bullet-perforating method,
propellant-driven bullets are shot through casing
and cement into the formation. A sted carier, Wil 4] e
cdled agun, conveysthe bullet penetrators
downhole. The penetrator isfired by sending an :@:

dectricd signd down awirdineto ignite the Cacmavem _q Inllilim
propellant. The burning propelant accelerates a —
bullet through a short barrdl (2 inches or shorter) a
velocities (up to 3,300 feet per second) sufficient Fr i
for the bullet to penetrate casing, cement shegth,

and formation. However, bullet-penetration
performance decreases subgtantidly in high-
grength formations and when very high-sirength
casngisused. Currently, bullet perforators are - L
used infrequently for specidty gpplications, suchas | ...
soft formations, brittle formations, or where frashy ==
consstently round holes in casing are needed. - —
TN ———i |- CerEn;

I_,.‘-\."i 1y ¥l

| ———— Cemen

High-pressure Water Jets or Sand-L aden
Surries. Another perforating method uses high- o odtios Zare § é
pressure water jets or sand-laden durriesto
abrade a hole into the casing, cement, and ;
formation. With the high-pressure water jet Perforacns
method, atool that uses a pump to force high-
pressure fluid through aflexible, extending lanceis
conveyed downhole, and the lance jetsitsway into
the formation, Creetlng very clean tunndswith little Figure 2-3. S|mp||f|ed Cross section of a
or no formation damage. The mgor disadvantage, well bore.
however, isthat the processis dow and expensive,
and the holes must be created one a atime. Thus, the processisimpractica for long intervas. Inthe
case of sand-laden durries, the durry is pumped down the tubing and turned at the bottom by a
deflector and nozzle arrangement that alows the fluid stream to impinge directly on the casing. Holes
and dots are made, and the casing can even be cut completely by manipulating the tubing.

Jet Perforation. Jet perforating, the most widely used perforating technique, involves the use of
high explosives and meta-lined shaped charges. Jet perforators are conveyed in awellbore using
severd methods, including dickline, dectric line, cail tubing, and production tubing.

Jet penetration from a shaped charge occurs with a jet pushing material asde radidly, which
results in formation of ahole. Materid in the formation is not removed; however, it isdisplaced. The
process of forming ajet stream involves a chain reaction comprised of different explosive components.
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The chain reaction, or explosive train, begins with a detonator, or initiator. It successvely detonates the
detonating cord (which transmits a detonation along the longitudind axis of the gun), the high-velocity
booster in the charge, and findly, the main shaped-charge explosive. The shaped-charge explosive
perforates the casing and penetrates the cement sheath and formation.

High explosves. The high explosves used in these components react supersonically when
initiated with the detonation process. (Low explosives react subsonicaly in a process called
deflagration and are generdly not used in jet-perforating gpplications. Examples of low explosves are
propellants and gunpowders, TNT is an example of ahigh explosive) The explosive generates ahigh
pressure that causes the metd in the charge liner to flow. A continuous pressure buildup on the liner
causes aneedle-like, high-speed jet of fine particles to spew from the cone at a speed of about 20,000
feet per second at its tip, with a pressure estimated to be 10 million pounds per square inch (ps). This
gtream of liner particlesisthe key to the perforating process. The target is pierced by the focused force
stream, leaving rubble and a compressed zone immediately adjacent to the perforation.

High explosives can be subdivided into primary and secondary explosives. The sole purpose of
primary explosivesisto start the detonation reaction with asmall energy input, which is usualy
accomplished by hegating an electrical filament wire or by impact. Lead azide and lead styphnate are
two examples of primary explosives. They are sengtive to energy inputs from heet, flame, friction,
impact, and gtatic discharge. Because of their sengitive nature, primary explosives must be used with
great care (Economides et a., 1988).

Secondary high explosives are used in three component of the explosive train:  detonators,
detonating cords, and shaped charges. These explosives are much less sendtive to externd stimuli than
primary explosives, therefore, they are safer to handle. However, due to their insengtivity, they can be
difficult to initiate, but once initiated, secondary explosives release tremendous amounts of chemica
energy in microseconds. For ailfield use, the most widdly used secondary explosives are RDX, HM X,
HNS, and PY X (Economides et a., 1988). More recently, the perforating guns have also used PETN
asahigh explosve. A summary of the explosves and relevant propertiesis provided in Table 2-5.

Perforations are performed under pressure differentias between the wellbore and the pressure in the
geologic formation. Two types of perforating conditions are underbaanced perforating and
overbalanced perforating.

Underbal anced perforating. Underbalanced perforating occurs when the pressurein the
wellbore islower than the pressure in the formation. When used properly, this technique can effectively
provide higher productivity completion. Underbaanced perforating creates an environment where
formation fluid flow can begin to enter the wellbore immediately, rather than having the well in an over-
bal ance condition where completion fluids and other particles continue to be logt into the formation. At
the ingtant of perforation, the pressure differentid to the wellbore is believed to help clear the
perforations and remove crushed rock, debris, and explosive gases from the formation. Formation fluid
type and reservoir permeghility are the two primary factors influencing the amount of underbalance level
to remove a portion of the crushed rock and other damage mechanisms from the near-wellbore area
(Economides et d., 1988).

2-15



Section 2.0 Exposure and Consequence Analysis

Table 2-5. Secondary Explosives Used in Perforation

Relevant Properties

Oxygen Heat of
Common Chemical Balance, Formation, VOD?, DP®,
Name Chemical Name Formula % by wt ?H/kJ kgt ft/sec psi
PETN Pentaerythritol tetranitrate CHsN,O,, -10.13 -1703 27,200 NA
RDX Cyclotrimethylenetrinitramine  C;HgNO; -21.60 +279 28,700 5,000,000
HMX Octahydro-1,3,5,7-Tetranitro C,HgN5Oq -21.62 +253 30000 5,700,000
-1,3,5,7-Tetrazocine
HNS Hexanitrostilbene C4HgNO;, -42 +128 24300 3,500,000
PYX 2,6-Pyridinediamine, C,sH;N4;, 0, -53 NA 24,900 3,700,000
3,5-dinitro-N,N'-bis(2,4,6-tri- 6
nitrophenyl)-

avelocity of detonation

® detonation pressure, psi
Sources: Economides et al., 1998 and Akhavan, 1998

Studies (King et ., 1986; Behrmann and McDonald, 1995; Crawford, 1989) have suggested
that the ingtantaneous underba ance must be followed with continued, sustained flow of severd gdlons
per perforation to further clean the perforation, and to remove the crushed rock and other materids that
have been loosened. Thispoint is critica and well documented, yet it is often overlooked on many
jobs. A largeinflux of hydrocarbonsinto the well is undesirable because it will increase the complexity
of any other well activities that are planned.

Underbaanced perforating is operationaly much easier with tubing-conveyed perforating
systemsor if asngle wirdine perforating runis possible. Proper underbaance levels and continued
flow are often not effectively used on wirdine operations where multiple gun runs are required.
Achieving gppropriate underbalance levelswith other intervals contributing flow and back pressureis
operationally difficult. Some operators are concerned about continued wellflow after perforating
because debris can possibly be produced above the perforating guns and wireline being retrieved from
the wellbore (Economides et d., 1988).

Numerous technicd articles have been written to compare the underbal anced perforating
technique with overbalanced perforating both in the laboratory and in fild studies (Economides et d.,
1998).

Overbalanced perforating. In many low-permegbility formations, remaining reservoir pressures
are insufficient to effectively clean the perforations (as suggested by King et d., 1985 and others). In
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other instances, formation competence is questionable, and therisk of sticking the perforating guns with
high underba ance levels makes the use of underbaanced perforating methods an operationd risk.
Extremey overbaanced perforating is a near-wellbore stimulation technique used in conjunction with
the perforating event. The method has gained popularity within the past few years because of the large
number of wellsthat could not be effectively perforated using underbaance techniques. Extreme
overbaance perforating aso provides perforation breskdowns in preparation of other stimulation
methods and, thus, diminates the need for conventiond breakdown methods (e.g., breakdowns of
perforation in carbonate formation) (Economides et ., 1988).

During extreme overbaanced perforating jobs, most of the tubing is pressurized to high
overba ance levels with compressible gases, which have high levels of stored energy, above relatively
smdl volumes of liquids. Upon expansion &t the instant of detonation, the gases are used to fracture the
formation and to divert fluidsto dl intervas. The high flow rate through relatively narrow fracturesin
the formation is believed to enhance near-well conductivity. Field data aso suggest that high initia
pressures are more likely to creste fractures within the perforated interva and to limit height growth.

Recently, perforating systems have been devel oped to release propping materiad downhole with
the gun detonation o that the extremedy overbaanced fluids and nitrogen rushing to the formation carry
erosive and propping materids. Currently, most of the extremely overbalanced perforating jobs are
designed with pressure levels st aminimum of 1.4 ps per foot of true vertical depth. The techniqueis
aso being usad to obtain a production test in very low-permesbility formations before more large,
expendve simulations. While most jobs are conducted using tubing-conveyed perforating systems,
some completions with short intervals have used wirdline perforating methods (Economides et dl.,
1988).

2.2.3 Thermal Decomposition of Explosives— Safety Factors

Time-temperature curves have been experimentaly generated for various explosives.
Figure 2-4 depicts a set of curves for HNS, HMX, PY X, and RDX. The curves provide guiddines
about the probability of quiet decompaosition versus violent events. Aslong as a particular explosve
gtays below its time-temperature curve, it will function properly—quiet decomposition.

The curves are gpplicable for conditions where explosives are exposed soldly to the effect of
temperature. For gun system conditions, where the explosive components are exposed to both
temperature and pressure, the time-temperature relationship is different. Asan example, HMX
detonating cord is normaly rated a 400 EF for one hour a ambient temperature and pressure, as
shown in Figure 2-2, but laboratory tests show it can undergo violent reaction after only 8 minutes
when subjected to the smultaneous conditions of 400 EF and 15,000 psi. Thus, pressure servesto
accelerate the decomposition reaction.
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Explosives Time-Temperature Curve
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Figure 2-4. Timetemperature curvefor perforating explosives
(Schlumberger 2000 and Economides, 1998)

224 Perforating Gun Systems

Gun perforating systems are designed to satisfy severa perforating criteria. They continue to
evolve in response to the need for more efficient and complete production of petroleum from wells and
agrowing dependence on production from deeper, more remote, or more challenging geological
formations. What is presented hereis only a summary of gun system basics with brief discusson of
those eements as they may relate to higher amounts of explosives and, therefore, CO production.

Gun systemsinvolve aphysical carrier system that ddlivers a detonating chord, an electrica
circuit, and a shaped charge (carrying the working explosive) in a configuration designed to ddliver
penetration depth and hole sizes that satisfy the flow of materidsin and out of geologic formations. The
whole system is consdered as the perforating gun or perforating tool. A number of eements make up
the system(Allen and Roberts, 1993)

# A detonator, sometimes caled a blasting cap, is made up of aprimary explosveand is
very sengtive to shock and temperature. The detonator initiates the firing sequence,
which can be initiated through afiring pin, pressure increases, or by dectricd dgnds.

# A detonating chord carries the high-order shock wave to detonate each shaped
charge.
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# A shaped charge (perforator) is made up of acase, aprimer charge, the main
explosive such as PETN or RDX), and cone shaped liner. Shaped charges are
arranged in avariety of ways, depending on the number of charges desired, the carrier
system, and the nature of the geologic formation (see Figure 2-5).

# A penetration mechanism, which isajet stream by which metalic particles are thrust
into the target. Penetration depth and hole size are functions of liner strength, charge
weight and liner shape.

<harge Case

Shaped charges have been developed with increasing size
(diameter) to increase the sSize of the opening through the casing and
into the formation. The range of gun Szes are from less than 2 inches
to over 7 inches. Casing hardness and wall thickness dso affect
penetration characteristics. The amount of explosive used with each
chargeis proportiond to the size of the charge. Table 2-6 presents Fasclin- [-tformor
representative explosve loadings associated with charge Sze. Along
with the number of charges per foot, one can determinetheamount of ~ Figure 2-5. Perforator
explosve used, which, in turn, is directly related to the amount of CO Cr oss-section.

generated. The generation of CO is discussed Section 2.3. (http:www.owenstool s.com
/API/Hydrocode/default.htm)

Ziploshe

Linar
S

The carrier systems (carrying the shaped charge, detonator chord and detonator) have changed
aong with the size, shape, and types of explosives used in the charge. They can be broadly grouped as
through-tubing gun, casing gun, and end-of-tubing gun.

The expendable through-tubing perforator carries smaler charges and may leave more debrisin
the hole than other types. Its main advantageisthat it is easly adapted to underbaanced perforating in
short zones. No shutting of the well to pull the gun or manipulate the tubing is needed, and it usualy
resultsin higher productivity. The smaller, thinner-walled carriers carry smaller guns, suchasal and
11/16-inch or 2 and 1/8-inch guns.

An example of the through tubing perforator is shown in Figure 2-6 (Schiumberger, 2000).

Casing guns are conveyed by wirdine and are associated with two types of cariers, areussble
port-plug or a counterbored non-reusable type. Both are retrievable and leave no debris, casing
damage is minima and, in the case of port-plug guns, they can be used up to 100 times. Port plugs are
used under less demanding conditions, such as in wells with moderate hydrostatic pressures and
temperatures. Wirdline-conveyed guns are more limited in the amount of weight that can be put down a
wedl. Longer perforation intervals require multiple gun runs and, following an initid run, underbalance
perforation may not be as effective because formation fluid inflow normally reduces the underbaance.
Anather type of perforator associated with the wireline-conveyors is the capsule perforating gun, where
charges are encapsulated, and since there is no thick walled carrier involved, they can be larger than the
hollow tube guns. A maor disadvantage, however, is the detonator and detonator chord exposure to
wellbore fluids.
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Table 2-6. Representative Amounts of Explosive for Perforating Guns

Gun Size, Casing Size,
inches inches Gun Type Avg. Explosive Load, g
1-11/16 4.5 Capaule 10.5
2-1/8 55 Capaule 15
3-1/8 4.5 Port Plug 115
4 55 Port Plug 21.1
5 7 Port Plug 32
1-9/16 4.5 Scalloped 3
2 4.5 Scalloped 6.75
2-75 4.5 Scalloped 12.5
3-3/8 450r5 Scalloped 22.7
4-5/8 7 Scalloped 25
5 7 Scalloped 30
7 9.625 Scalloped 56.5

Source: Halliburton, 1998. APl RP-43 5" edition. Data Summary, 8/21/98.

The end-of-tube gun is run on the end of the tubing, and the charges can be detonated
mechanicdly by dropping ameta bar down the tubing..

Tubing-conveyed perforators were developed to extend underbalanced perforating to long
sectionsin deviated holes offshore. Either retrievable reusable (port plug) or retrievable non-reussble
(scdloped) configurations are used and charge types, shot density, and phasing are smilar to wirdline-
conveyed casing guns. Scalloped guns (counterbored) are used in the most demanding well conditions
and are the maingtay of tubing-conveyed perforating operations.

2.3 Case Studies

A limited number of reports are available that addressissues of particular relevance to the risk
of exposureto CO at an oil well. The reports discussed below build the case that CO isared risk
factor when explosives are used.

The firgt two reports are oil industry specific, one being the Seadliff oil well accident (Vintage
Petroleum) and the second involving monitoring for CO during oil well perforation (Goodman Well).
Following these two reports, we present case sudies which show smilar CO exposures from explosive
use (Section 2.3.3) and aso present reports from EPA that summarize monitoring data from the
detonation of explosives (2.4).

2-20



Section 2.0 Exposure and Consequence Analysis

2.3.1 Vintage Petroleum Incident - August 10,
1994, Ventura County, California Uppar head

2.3.1.1 Introduction. The Vintage Petroleum
incident involved the death of three workers who were o
overcome by CO. In 1995, the families of the deceased o)

workers sued the oil company. Among severa court Link
depositions, one by Mr. Toby Thrower, head well-puller

with Pride Petroleum, provided a number of details Lower headinoss
involved in the accident. The following discusson is

based on his depostion.

2.3.1.2 Background. Pride Petroleum was
contracted by lessee, Vintage Petroleum, to awell (Wl
C-10A of the Vintage Petroleum Hobson Lease,
operated under CDOGGR permit No. P923-482), to
convert the idle producer to awastewater disposal well.
Thewd| had previoudy been completed in the Pliocene
Pico formation above and below the Rincon fault (upper
deep and deep zones 8635-11,630 ft) and was being
recompleted into the Pliocene Pico formation (shallow
zones 21202815 ft).

Mobel datonalor

g0-grit Rilsan

Schlumberger Wireline Service was contracted to detonator cord

conduct well perforation for the converson. A

Mr. Crawford was a consultant hired to direct the

perforation. Mr. Thrower of Pride Petroleum had Phasad Enerjat charge
converted producing wellsinto water disposal wellson

the same lease more than 15 times.

2.3.1.3 Key Daily Activities. On August 2nd,
1994, upon arriva &t the site, Mr. Thrower described the g
well as having ariser on it and coming out of an 8 ft x 8 ft
x 9 ft cellar with wooden cellar boards on top. Theriser Strip
came off the top of the flange, and the flange was bolted
to the 7-inch casing. A flow line came off it that went to a
trgp about a quarter mile away from the well. Thetrap
was in use when the well was producing. A 16-inch
casing was down lower in the cdlar. o

I:I'Large: FE it

Lowear headfmoss

Pride' s crew had to remove the flange and
ingtaled a 6-9-inch blow-out preventer (BOP) to the
well-head. The BOP isavalve designed to stop the
release of pressure. (The BOP played arolein the

Figure 2-6. Through-tubing expendable
gun system.
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accident as described later in this summary.) The BOP remained open to pull a pipe through and lower
it into the wdll casing. The riser and the BOP were in the middle of the cellar. Two inches of the BOP
was above the cdlar boards; most was below the plane of the cdllar.

They removed the flow line from the well head and ingtaled two 1500 ps working pressure
vaves.

On August 3rd, the Pride crew rigged up the pump to the well heed, and bled the casing and
the tubing down. They pumped 32 barrels (bbls) of clean, filtered water down the casing with the
returns from tubing to the vacuum truck. They recovered about 20 bbls of oil. They switched theline
to the pump pit and continued circulaing the well clean for 20 minutes, after which, it lay dead.

On August 4™, the Pride crew opened the well and observed a release of pressure on the
casing and tubing. They removed the circulaing heed and ingtalled a shooting flange and a * packoff”
for Schlumberger. NOTE: On prior conversions, the perforator company had a lubricator, not a
packoff, but Mr. Thrower did not think it odd because, from the available information, the well was
thought to bein a“thief zone” Thisisazone that will take water. In such a zone, thereisjust
hydrostatic pressure or very little pressure. In athief zone, alubricator would not be needed, because
one would not expect to encounter ges.

They rigged up the wire line truck, ran dectromagnetic casing log from 4500 ft to the surface,
and ran the NL-CCL log from 4500 ft to 1500 ft. They rigged out the wire line truck and filled the
casing with clean, filtered water. Later, they poured silica 30 sand down the casing, which, mixing with
lease water, closed the well. The sand lies on top of the bridge plug so that if a bit is run back to clean
out, the sand is seen firgt before the bit reaches the bridge plug.

On August 5", upon reopening the well, they had adight blow (puff of air [composition
unknown]) in the casing from some pressure buildup, then they ran in the hole with the perforating gun.
At 3,981 feet, they shot four ¥2inch holesin the 7-inch casing. They rigged the wire line truck, and
they filled the 7-inch casing and pressured to 1800 ps because they established that they were taking
fluid. This pressured the water out through the perforations. No returns or blow occurred afterwards.

Pride dso performed a*“ squeeze job” intended for zone isolation so there would be no more
leskage in that zone

On August 6™, Pride rigged the Schlumberger and shot four ¥2inch holes a 1510 ft. They got
ablow at the Baker tank from the 16-inch casing, so they plugged it with a Haliburton EZ drill SV
packer. They filled the space between the 7-inch casing and the 16-inch casing.

August 7*" was not addressed in deposition.

On August 8", the Pride crew pressure tested the 7-inch casing to make sure there were no
lesks.
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On August 9", no records were provided, but the deposition states that the crew finished
drilling out the EZ drill plug. One worker went into the cdllar to ingtal a 16-inch valve. Because there
were open perforations in the well, and because the cdllar was considered a confined space, the
worker was harnessed. They tested for gas before entry with a Bendix tester for H,S. The meter did
not measure other gases.

On August 10" - the day of the incident, Schlumberger arrived and ingtalled the shooting flange,
rigged up the wire line into the derrick, and prepared to perforate. Pride held its daily 5-minute safety
meeting and then a safety meeting with Schlumberger. The focus of the second meeting was on the
distance the Pride crew maintained while Schlumberger ran their equipment in and out of the well.

Pride did not have any type of respiratory equipment as this was not considered a*“ gassy well.” Pride
never encountered H,S or methane in the Hobson lease wells.

Schlumberger began to run in the perforating guns. During that time, the Pride crew changed a
vave out on the back of the circulating pump that was leaking. They dso pulled the heads on the pump
and cleaned the cement and checked underneath.

Perforation occurred over 352 ft at 4 perforation shots per ft, cresting 1,408 perforation holes.
At 11 am., Mr. Thrower noticed water coming to the surface during the perforation interval from
213810 2,815 ft. A 20-ft expended perforating gun was being withdrawn from the well when the flow
darted. The water was 6-8 inches above the metd grating on the cdllar boards and was shooting out
of the 7-inch casing valve (i.e., the 2-inch pipe that was screwed into the 7-inch casing. A valve, which
could be hooked up on aflow line to the mud pit, was located about 6-8 inches out from the casing. A
gted line had been hooked up and connected to the mud pump previoudy; however, it was
disconnected (per consultant Crawford' s direction) while Pride was disconnecting the circulating head
on the morning of the 10".  Thiswas so Mr. Crawford could monitor the well for any flow that would
come out of the 2-inch pipe, while the crew was perforating. (Any flow coming out of the 2-inch pipe
indicates fluid or gas coming into the casing from the shoot hol€ szone)) Mr. Thrower testified that
they do not normdly disconnect the sted line. Crawford chose to monitor from the well, not the pit,
because he was gtting in his car from which he could view the well better.

Mr. Thrower notified Mr. Crawford of the lesk. Mr. Crawford said that “the well was athief,”
because they were perforating in athief zone. Mr. Thrower testified that he believed he could monitor
awel aseadly a the mud pit hooked to the stedl line as a the well head cdllar.

After Mr. Thrower notified Mr. Crawford, the perforation process continued, and water
continued to rise alittle higher after afew runs. Mr. Crawford said not to worry because he had
severd guns left to shoot and that he might get lucky and catch athief zone.

After three or four more guns were run, the fluid started coming up probably 10 or 12 ft. Mr.
Crawford said it would be best to close the well, and the Pride crew proceeded toward the well to
close the water in (i.e, close the 7-inch valve). To do so, they had to remove some of the floor grating
and contain the weter flow to get a crescent wrench onto the valveitself and shut it.
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The crewmen could not reach down inside the vave. They had a 5-gdlon bucket held by two
crevmen's hands over the hole from which water was flowing over the 2-inch pipe, directing the fluid
into the cellar. Because of the bucket and two crewmen, there was no room to get to the valve, so they
removed a couple of cdlar boards to try to reach the valve and closeit. Water was blowing up like a
fountain, and they couldn’t see to work.

When they till couldn’t reach the valve, one worker, Jason, stood on the BOP with hisfoot on
the 7-inch flange on the bottom of the BOP and his other foot on about the 2 rung of the cdllar. He
then leaned over the cdllar, and he said he gill could not reach the valve. Jason, standing upright on the
BOP with one foot over on the wall, threw a crescent wrench up on the cellar. Mr. Thrower picked up
the wrench and walked out between the pipe rack and threw the wrench on the ground.

When Mr. Thrower returned afew seconds later, he did not see Jason standing anywhere. He
looked down in the cellar and Jason was unconsciousin the cdlar. Water in the cdllar was 3-3 Y4 ft
deep. Subsequently, two other men entered to rescue Jason, but both were overcome and died aso.

2.3.1.4 Potentially Important Facts About the Incident.

# On August 9", the crew only tested for the presence of H,S, which proved negative.

# The Pride crew had never encountered H,S on methane in the Hobson lease wdlls.

# On August 10" - the day of the accident - no respirators were on-site

# A gted line had been hooked up and connected to the mud pit previoudy. However, it
was disconnected (as per consultant Crawford’ s direction) while Pride was

disconnecting the circulating head on the morning of the 10",

# The choice was made to use a packoff sed, rather than the lubricator sedl traditionaly
used.

# The decison to monitor the well, not the mud pit, for water flow was gpparently made
for convenience.

# The decision was made not to cease perforation upon discovery of flowing water.
# 1408 holes were shot in 352-ft zone on August 10™.

# The crew attempted to reduce or cap the uncontrolled flow of water by physicaly
placing a bucket of solvent on top of therig lesk.

# Access to the 7-inch valve that would have stopped the unexpected flow of water was
poorly ble.
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# The crewman atempting to close the 7-inch valve was not harnessed.

# The crewman attempting to close the vave was not standing in a safe position—one foot
was on the BOP and one foot was on aladder rung in the cdlar.

There were anumber of decisions made about the crew’s physica actions (e.g., lack of
harnessing, improper stance, no respirators, etc.). These occupationa safety decisions contributed to
the incident; however, RTI beieves these decisonsfdl outside the scope of this sudy. The number of
holes shat, the lack of monitoring for gases, the disconnection of the line from the well to the mud pit,
the proximity of crew fatally exposed to the lesk, and the level of worker exposure dl relate to the
generation and trangport of CO. RTI addresses these factorsin Section 4.1, Safety Procedures.

2.3.2 Summary of Perforation Monitoring at Goodman 1 - June 27 - July 1, 1995

2.3.2.1 Introduction. Following the Vintage Petroleum accident, the State of Cdiforniawas
interested in the examining the potentia for sgnificant CO levels related to perforation exercises a oil
wells and to the court case involving Vintage Petroleum. The information summarized here is based on
two sources, adeposition of Mr. William J. Wright, Production Foreman, Seneca Resources, and a
memorandum from Bill Wright, Seneca Resources, to Barry McMahan, Well Files, and Cdifornia
Divison of Qil, Gas, and Geotherma Resources, September 20, 1995.

2.3.2.2 Background. Senecawas contracted to clean the well out to itstota depth, perforate
some more holesin the casing, run a packer above the perforations, and convert it to awater injection
well. Schlumberger was contracted to perform the perforations with HEGs in the area of the hole that
was previoudy aproduction area (i.e., the injection zone was going to be the same asthe prior
production zone).

2.3.2.3 Key Daily Activities. On June 24™, 1995, Mr. Wright acquired CO testing
equipment, a Passport brand quad meter supplied by Secorp, for the site. The quad meter reads four
functions: lower explogve limit, oxygen, H,S, and CO. The quad meters were believed to be sdlf-
cdibrating and had warning indicators on battery levels. He dso acquired air packs (30-minute escape
packs).

On June 27", Mr. Wright did not ingtall avent line. Rather, he ordered a lubricator with a
pack-off at the top of the pipe. It was Seneca policy dwaysto use alubricator. A full lubricator
coversthe length of the gun so if pressure were encountered, one could pull the gun up into the
lubricator and close the BOP and, in turn, securethe wdl. A partid lubricator (i.e., a packoff with the
short lubricator) will not allow the crew to close the BOP. Gas monitoring occurred at the end of a
blowdown line (a hose 35-40 ft long) that was attached to the 2-inch casing vave that came off the
5Y>inch casing (full casing depth was 5%z inches). The blowdown line was run downwind in a
southwest direction. Mr. Wright stated that the casing valve was open to the blowdown line during the
perforation process even though, in this case, there was no concern about unsafe pressure buildup
during the detonations.
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Schlumberger Wirdine Service arrived onsite. Mr. Wright arranged for Schlumberger to
monitor fluid levelsin the wellbore during the perforation process (indicated by weight change of HEG).
Fluid level was observed by Mr. Wright (who was in the Schlumberger cab) during each of the runs.
Mr. Wright stated that he documented the fluid level before the perforation began but was il trying to
locate the records (the “tour reports’). He testified that during perforation, the fluid level wasrising.

Mr. Wright stated that thiswell was overba anced, meaning that if the wellbore filled with
water, that water would push back into the formation. He added that there was no known H,S-type
risk with thewdl. The American Petroleum Inditute (API) reading on the oil was “fairly light,” meaning
not tarry or heavy crude.

Mr. Wright recalled that a safety meeting was held with the Seneca crew to discuss CO risks,
He explained to the crew that Schlumberger was using the same type of shooting system used a
Rincon. He dso explained where the crew could and could not stand at dl times (i.e., they were
restricted from the discharge of the blowdown line).

Perforation, using 11 HEGs in series, occurred over about 572 hours. During perforation, no
liquid was discharged from the blowdown line. Mr. Wright did not use protective equipment to monitor
the gas exiting the blowdown line. Instead, he approached the line's end from upwind and held the
monitor by the strap to lower it to the end of the blowdown line. Mr. Wright knew that the Permissble
Exposure Limit (PEL) established by the Occupationd Safety and Hedth Administration (OSHA) was
35 parts per million (ppm). Mr. Wright measured for CO before perforation began (0 ppm reading);
he testified that he measured for CO &fter firing each of the 11 guns. He further stated that he did not
messure CO during the perforation. However, he did measure CO right after they shot the last (11th)
HEG. Thedarm triggered, and the meter read 855 ppm. The crew pulled the gun up into the
[ubricator. Thewdl’s BOP was shut and secured, and the casing valve was closed.

On June 28", a Secorp safety technician arrived on-site, donned a 30-minute air pack, went to
the well, opened the casing vave, went to the end of the blowdown line with a Passport quad meter,
and measured for gas. He reported verbaly to Mr. Wright that he immediately read the meter’'s
maximum reading of 900 ppm. The Secorp representative then secured the well and closed the casing
valve.

On June 29", another Secorp representative arrived with a Draeger tube (a colorimetric CO
measuring device) manufactured by Sensedyne, that is cgpable of measuring higher levels of CO. The
tube measured 20,000 ppm &t about 11 am. when the casing valve wasfirst partidly opened. At the
sametime, 50 ps of pressure was bled off over about a 5-minute period. The second measurement
was 200,000 ppm (20%) without using a plastic sampling bag. The third messurement, 10-15 minutes
later, using a bag sampler, was 500,000 ppm (50%). After the third CO test, the crew pumped 180
bbls of lease water in the wdll using a“hot oil” truck to knock down the gas into the formation.

On June 30", a Secorp representative again tested for CO in the early morning, using the same
Draeger tubes, but Mr. Wright was uncertain if Secorp used sampling bags. Secorp measured
300,000 ppm (30%) CO. Mr. Wright's crew then pumped 120 bbls of |ease water into the well.
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During the last 25 bbls pumped, they saw pressure build up indicating the well wasfilled. As soon as
the hot ail truck shut down, the well became overbaanced, and the fluid level began dropping,
indicating to Mr. Wright that they had not encountered a pressure barrier. None of the crew tried to
determine whether a gas bubble existed that expanded, causing the fluid leved to rise during the
pumping. Throughout the 5 hours of water pumping during the morning, no CO was detected during
frequent testing. After the 5 hours, the crew began measuring aredly light flow of CO at 5,000 ppm.

Mr. Wright contacted Schlumberger’s Bakersfield office that day. He said he was“making a
courtesy call so Schlumberger could warn [his] people and [hig] customers that indeed...thereis CO
involved in perforating” (Wright 1995).

On July 1%, CO measured again at 400,000 ppm (40 %).

Thiswasthefind day of activity reported. It appears the well was closed indefinitely.

2.3.2.4 Potentially Important Facts About the Incident. The crew prepared for the job by
acquiring a CO meter and air packs.

# The quad meter was brought on-site was inadequate to measure the higher levels of
CO.

The crew ingtdled afull lubricator to capture retrieved HEGs safdly.

The crew set up a blowdown line placed to emit gas downwind of well of the crew.
The blowdown line exit gas was monitored for CO.

Mr. Wright monitored the fluid level during perforation.

No higtory of H,S was known for the well.

The well was known to be overbal anced.

¥ ¥ O OH O#H O OH

A safety meeting on CO risk and redtrictions on crew location was held before
perforation began.

# Eleven HEGs were used in series over the course of 5%z hours.
# CO readings were taken.
June 27 855 ppm | quad meter measured by Seneca
June 28 900 ppm | quad meter maximum measured by Secorp
June 29 20,000 ppm | partialy open valve, measured with Sensedyne
Draeger tube
June 29 200,000 ppm | no sampling bag; open air measurement
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June 29 500,000 ppm | measurement of bag sample

June 30 300,000 ppm | measurement of bag sample

June 30 5,000 ppm | measurement after pumping 120 bbls of |ease water

July 1 400,000 ppm | (use of sampling bag unknown)

# Upon the first reading—=855 ppm on quad meter—the crew chief wisdly decided to
close the well and seek a more accurate CO measurement.

# On July 29", 50 psi of pressure was measured upon opening the valve.

# During high CO measurements, 5 hours of water pumping into the well suppressed the
CO to 05,000 ppm

# The wel was closed upon determination that a high CO level was sustained following
recovery from last water pumping.

In this incident, the awareness of CO emission potentia and the corresponding preparatory
measures taken by Senecaresulted in safer incident management. However, the levels of CO
eventually measured demondirated the need to have more accurate monitoring equipment on-gite a the
beginning of the job. Aswith the Vintage incident, alarge number of holes were shot over a short
period of time using the same product—HEGs—and, coincidentaly or not, CO was emitted at |etha
levels had the workers been exposed. This reinforces the need to determine any correlation between
the HEG explosive materia (PETN), the number of shots over time, and the potentiometric conditions
of the deposit (over- or underbalanced), among other factors. These are addressed in the following
sections of this report.

2.3.3 Harvest Platform, Chevron, Santa Barbara County, California

On February 2, 1998, there was arelease of gas on Chevron's offshore Platform Harvest.
Chevron issued a Near Miss/Incident Report. As stated in the report, ...CO had not been a problem
on other perf jobs because of the short intervals being shot. However, this well had over 4800 shots
fired, creating alarger volume of gases being generated. No winds were blowing to disspate CO asit
cameto the surface. Only required gas monitors being used are H,S & LEL..."

The company had anticipated the potentid for gas releases at the platform by providing hand-
held monitors and assuring that breething devices were available and in working order. At an earlier
meeting, the staff discussed safety issues, including preparation for possible toxic gas exposures. A
hand-held monitor was used to measure CO levels that had a top measurement limit of 500 ppm. This
level was reached and the actua ambient concentrations are not known.

Following this accident, MM S issued a Safety Alert advising operators to take reasonable
precautions to protect personnel when long intervals are being perforated. As stated in the Safety
Alert, MMS Pacific OCS Region recommends, as a minimum, that (1) CO monitoring equipment, large
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capacity fans, and supplied air bresthing units be made available and maintained operationa during dl
extensve perforating operations, and (2) this subject be covered during pre-operations safety meetings,
which should be attended by contractors. Later in 1998 additiona CO testing was reported in a
performance record for the Harvest Platform. H,S, explosive limits (LEL), and CO measurement
values are provided. CO was reported at 50 ppm.

2.3.4 Non-ail Fidd Incidents of Explosives Use and CO Poisoning

In the peer-reviewed literature, there were severd additiona reports of accidents where people
were potentidly exposed to CO from explosives used near the surface and below-ground. The
congruction and mining industries are important users of explosives, some of the same explosives used
inoil wel perforation.

There are both important differences and similarities between the petroleum, congtruction, and
mining indugtries that specifically relate to the potentia for CO exposures. It gppearsthat CO
poisoning, though well known from internal combustion engines, has only recently been described for
these other industries.

A few summary remarks are provided at the end of this section, following the summaries of
three published reports.

2.3.4.1 Condtruction Site Explosives Contaminate Home, Quebec City, Canada.
Auger et d. (1999) report of CO poisoning in a dwelling where * probable source of contamination was
the use of explosives at a nearby rain sawer condiruction ste” Two adults had to be trested for CO
exposure, and the investigators tested the home and neighboring houses for CO.

CO was measured through ventilation pipes that were ingtaled under the foundation of the
home of the exposad individuas with an initid reading of 500 ppm. The source of CO was very likely
the use of explosives a a nearby congtruction site. Samples from the trench where the explo